Rats emit ultrasonic vocalizations (USVs) that are thought to serve as situation-dependent affective signals and accomplish important communicative functions. In appetitive situations, rats produce 50 kHz USVs, whereas 22 kHz USVs occur in aversive situations. Reception of 50 kHz USVs induces social approach behavior, while 22 kHz USVs lead to freezing behavior. These opposite behavioral responses are paralleled by distinct brain activation patterns, with 50 kHz USVs, but not 22 kHz USVs, activating neurons in the nucleus accumbens (NAcc). The NAcc mediates appetitive behavior and is critically modulated by dopaminergic afferents that are known to encode the value of reward. Therefore, we hypothesized that 50 kHz USVs, but not 22 kHz USVs, elicit NAcc dopamine release. While recording dopamine signaling with fast-scan cyclic voltammetry, freely moving rats were exposed to playback of four acoustic stimuli via an ultrasonic speaker in random order: (1) 50 kHz USVs, (2) 22 kHz USVs, (3) time-and amplitude-matched white noise, and (4) background noise. Only presentation of 50 kHz USVs induced phasic dopamine release and elicited approach behavior toward the speaker. Both of these effects, neurochemical and behavioral, were most pronounced during initial playback, but then declined rapidly with subsequent presentations, indicating a close temporal relationship between the two measures. Moreover, the magnitudes of these effects during initial playback were significantly correlated. Collectively, our findings show that NAcc dopamine release encodes pro-social 50 kHz USVs, but not alarming 22 kHz USVs. Thus, our results support the hypothesis that these call types are processed in distinct neuroanatomical regions and establish a functional link between pro-social communicative signals and reward-related neurotransmission.
Introduction
Rats emit various types of ultrasonic vocalizations (USVs). These calls are thought to serve as situation-dependent affective signals and accomplish important communicative functions (Portfors, 2007; Brudzynski, 2013; Wöhr and Schwarting, 2013) . Three main types of USVs are typically distinguished. (1) Pups emit 40 kHz USVs ("distress calls") when socially isolated from mother and littermates, probably reflecting a negative affective state akin to anxiety (Vivian et al., 1997) . (2) Juvenile and adult rats emit low-frequency 22 kHz USVs ("alarm calls") in aversive situations such as predator exposure (Blanchard et al., 1991) , fear conditioning , or social defeat (Kroes et al., 2007) . (3) High-frequency 50 kHz USVs ("rat laughter") occur in appetitive situations such as social investigation and rough-and-tumble play (Knutson et al., 1998) or upon administration of drugs of abuse such as amphetamine, either systemically (Ahrens et al., 2013; Wright et al., 2013; Pereira et al., 2014) or locally into the nucleus accumbens (NAcc; Burgdorf et al., 2001; Thompson et al., 2006) .
In support of a communicative function, 50 and 22 kHz USVs induce call-specific behavioral responses in the receiver. The 50 kHz USVs induce social approach behavior in the recipient, indicating that they serve a pro-social function as contact calls (Wöhr and Schwarting, 2007 , 2009 ; 22 kHz USVs lead to freezing behavior, suggesting an alarming function (Blanchard et al., 1991; Endres et al., 2007; Schwarting, 2007, 2008) . These opposite behavioral responses are paralleled by distinct brain activation patterns as shown by means of electrophysiological recordings and immediate early gene expression: 22 kHz USVs induce activation in amygdala and periaqueductal gray (Sadananda et al., 2008; Parsana et al., 2012) , both strongly impli-cated in the regulation of anxiety and fear (Fendt and Fanselow, 1999; LeDoux, 2000) , whereas 50 kHz USVs inhibit the amygdala (Parsana et al., 2012) and evoke neuronal activation in the NAcc (Sadananda et al., 2008) .
The NAcc is considered to be a limbic brain region that is strongly implicated in appetitive behavior. Specifically, the NAcc is thought to be critical for the translation of motivational processes into action by serving as an interface between limbic and motor systems in the brain (Mogenson et al., 1980) . Engaging in appetitive actions depends on NAcc dopamine release from terminals of midbrain projections (Robbins and Everitt, 1982) . For example, interference with dopamine neurotransmission impairs the ability to execute goal-directed behavior (Salamone et al., 1994) . Furthermore, dopamine neurotransmission is known to encode the value of rewards (Schultz et al., 1997; Day et al., 2007) . This role of phasic dopamine signaling in encoding environmental events with a positive valence led us to hypothesize that NAcc dopamine signaling is also involved in social approach toward pro-social 50 kHz USVs. Therefore, we tested whether 50 kHz USVs elicit phasic dopamine release in the NAcc using fast-scan cyclic voltammetry (Clark et al., 2010; Flagel et al., 2011; Willuhn et al., 2012) .
Materials and Methods
Animals. Adult male albino rats from Charles River weighing between 300 and 450 g were housed individually and kept on a 12 h light/dark cycle (lights on at 0700) with controlled temperature and humidity. Rats (n ϭ 12) were food deprived to 90% of their free-feeding body weight and water was provided ad libitum. All animal use was approved by the University of Washington Institutional Animal Care and Use Committee, and surgical procedures were performed under aseptic conditions. Stereotaxic surgery. Rats were anesthetized with isoflurane, placed in a stereotaxic frame, administered with the nonsteroidal anti-inflammatory carprofen (5 mg/kg, subcutaneously), and placed on an isothermal pad to maintain body temperature. Before incision, the scalp was swabbed with alcohol and betadine, and treated with a mixture of lidocaine (0.5 mg/kg) and bupivacaine (0.5 mg/kg). Holes were drilled in the cranium and dura mater was cleared for targeting the NAcc (1.3 mm anterior, 1.3 mm lateral, and 7.2 mm ventral to bregma). A carbon-fiber microelectrode made in-house (Clark et al., 2010) was positioned in the NAcc, and an Ag/AgCl reference electrode was implanted in a separate part of the forebrain. Electrodes were secured with cranioplastic cement anchored to the skull by screws. Following surgery, carprofen (5 mg/kg) was administered again. Rats were monitored until ambulatory and were then given 1-2 weeks to recover from surgery.
Magazine training and unexpected food pellet delivery. To confirm that electrodes were capable of detecting dopamine, unexpected food pellets were delivered before playback sessions to elicit dopamine release. If the unpredicted delivery of a food pellet elicited an electrochemical response (positive control), voltammetry data form the playback session were analyzed. For this purpose, animals were placed in operant chambers (32 ϫ 34 ϫ 34 cm; Med Associates) that had grid floors and a house light and contained a food magazine. During two sessions of magazine training a total of 60 food rewards (45 mg of food pellets; Bio-Serve) were delivered at a 90 s variable interval. Between animals, operant chambers were cleaned with Roccal-D (1:250 dilution).
Playback of USVs-Acoustic stimuli. Dopamine release and behavioral responses to playback of USVs and acoustic control stimuli were tested under dim white light conditions in operant chambers placed inside a sound-isolation cubicle. Four acoustic stimuli (for review, see Wöhr and Schwarting, 2007 , 2009 , each with a duration of 15 s, were used.
(1) Natural 50 kHz USVs (Fig. 1A) , which had been recorded from an adult male Wistar rat during exploration of a housing cage with bedding containing scents from a recently separated cage mate. Playback calls were recorded in this context because playback of 50 kHz USVs recorded during tickling or exploration of an empty cage were reported to have no or only minor effects on recipient behavior (Burman et al., 2007; Endres et al., 2007) . The 50 kHz USV stimulus consisted of a total of 58 individual 50 kHz USVs (total calling time: 3.89 s), together with background noise the sender had produced while exploring the cage. (2) Natural 22 kHz USVs (Fig. 1B) , which had been recorded from a male Wistar rat exposed to electric footshocks. The 22 kHz USV stimulus consisted of a total of seven individual 22 kHz USVs (total calling time: 7.98 s). To control for background noise present in the 50 kHz USV playback, background noise was added to the 22 kHz USV playback. (3) Time-and amplitude-matched white noise (NOISE; Fig. 1C ). Playback of NOISE was generated with the Avisoft SASLab Pro software (version 4.2, Avisoft Bioacoustics) by replacing 50 kHz USVs with white noise signals, with durations and amplitude modulations corresponding to that of the original 50 kHz USVs. Thus, the NOISE stimulus had the same temporal pattern as the 50 kHz USV stimulus and was identical to the original natural 50 kHz USV series with respect to all call features, apart from the fact that sound energy was not confined to a certain frequency. To control for background noise present in the 50 kHz USV playback, background noise was added to the NOISE playback. (4) Background noise (BACKGROUND; Fig. 1D ). The BACKGROUND stimulus was presented to control for unspecific effects not linked to the communicative function of 50 kHz USVs, since the 50 kHz USV stimulus contained background noise, i.e., noises, which occur when a rat is exploring an arena with bedding. After 1 h of habituation, acoustic stimuli (50 and 22 kHz USVs, NOISE, and BACKGROUND) were presented through an ultrasonic speaker (ScanSpeak using the USG Player 116; Avisoft Bioacoustics) at ϳ69 dB (measured from a distance of 40 cm) with a sampling rate of 300 kHz in 16-bit format. Playback of acoustic stimuli was monitored by an UltraSoundGate Condenser Microphone (CM16; Avisoft Bioacoustics). Playback of USVs-Procedure. Rats were tested individually. At the beginning of the experiment, all rats were exposed to NOISE to reduce novelty. Then, animals were repeatedly exposed to sequences of acoustic stimuli, with the four different acoustic stimuli presented in random order. Acoustic stimuli were presented for 15 s with an interstimulus interval lasting between 1 and 2 min (session duration: 1 h). Because this procedure resulted in ϳ40 presentations per session with at least six per acoustic stimulus, we restricted our analysis to these first six stimuli to maintain sample size between stimuli. A second session was conducted ϳ1 week after the first one. Dopamine release and behavior were assessed during the 15 s playback phases as well as for 10 s before and after playback (Fig. 1E ). TTL signals were used for synchronizing playback of acoustic stimuli and voltammetric measurements of dopamine release.
Voltammetric measurements and analysis. For dopamine detection by fast-scan cyclic voltammetry, chronically implanted carbon-fiber microsensors were connected to a head-mounted voltammetric amplifier, interfaced with a PC-driven data-acquisition and analysis system (National Instruments) through an electrical swivel (Med Associates), which was mounted above the test chamber. Voltammetric scans were repeated every 100 ms to achieve a sampling rate of 10 Hz. During each voltammetric scan, the potential at the carbon-fiber electrode was linearly ramped from Ϫ0.4 V versus Ag/AgCl to ϩ1.3 V (anodic sweep) and back (cathodic sweep) at 400 V/s (8.5 ms total scan time) and held at Ϫ0.4 V between scans. When dopamine is present at the surface of the electrode, it is oxidized during the anodic sweep to form dopamine-o-quinone (peak reaction detected at approximately ϩ0.7 V), which is reduced back to dopamine in the cathodic sweep (peak reaction detected at approximately Ϫ0.3 V). The ensuing flux of electrons is measured as current and is directly proportional to the number of molecules that undergo electrolysis. The background-subtracted, time-resolved current obtained from each scan provided a chemical signature characteristic of the analyte, allowing resolution of dopamine from other substances (Phillips and Wightman, 2003) . Dopamine was isolated from the voltammetric signal by chemometric analysis using a standard training set (Clark et al., 2010) based upon electrically stimulated dopamine release detected by chronically implanted electrodes. Dopamine concentration was estimated based upon the average postimplantation sensitivity of electrodes (Clark et al., 2010) . Before analysis of average concentration, all data were smoothed with a 5-point within-trial running average. The concentration of dopamine during playback of acoustic stimuli (15 s) was averaged and compared with the average concentration 10 s before playback (baseline; Fig. 1E ). Individual electrochemical signals were averaged across the first two presentations of each respective acoustic stimulus, and then across rats.
Behavioral analysis. Behavior during recording sessions was videotaped for analysis. The occurrence of orientation responses was assessed, including head orientations toward stimulus source and Preyer reflex (i.e., twitching of the ear). To measure locomotor activity, the operant box was divided into four quadrants (marked on the video monitor) and the numbers of transitions between quadrants were counted. Transitions were defined as interruptions of the quadrant borders by 50% of the rat's body (minus tail). To measure approach behavior toward the ultrasound source, an area with a radius of ϳ3.5 cm around the speaker was defined as proximal and time spent in this area was recorded. This time was defined as nose crossing into this area marked on the video monitor. Transitions and approach behavior were measured for a period of 10 s before (baseline), 15 s during, and 10 s after playback of acoustic stimuli. Values are presented as differences from baseline (baseline subtraction).
USV analysis. Playback of acoustic stimuli and USVs emitted by the subject rat were monitored using an UltraSoundGate Condenser Microphone (CM16; Avisoft Bioacoustics). The microphone was connected via an UltraSoundGate 416H audio device (Avisoft Bioacoustics) to a PC, where acoustic data were recorded with a sampling rate of 250 kHz in 16-bit format by Avisoft RECORDER USGH. For acoustical analysis, recordings were transferred to Avisoft SASLab Pro and a fast Fourier transform (FFT) was conducted (512 FFT length, 100% frame, Hamming window, and 75% time window overlap), resulting in highresolution spectrograms with a frequency range of 0 -125 kHz (frequency resolution: 488 Hz; time resolution: 0.512 ms). An experienced user counted the number of 50 kHz USVs emitted by the subject rat by visual inspection of the spectrogram. Identification of 50 kHz USVs emitted by the subject rat was obtained by matching the playback stimulus with the recording acquired during playback (Wöhr and Schwarting, 2007) . For all acoustic stimuli, the numbers of 50 kHz USVs emitted during the first two respective presentations were averaged, and then across rats. Values are presented as differences from baseline (baseline subtraction). No rat emitted 22 kHz USVs.
Histological verification of recording sites. Upon completion of experimentation, animals were anesthetized with an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (20 mg/kg). Recording sites were marked with an electrolytic lesion (300 V) before transcardial perfusion with saline followed by 4% paraformaldehyde (PFA). Brains were removed and postfixed in PFA for 24 h and then rapidly frozen in an isopentane bath, sliced on a cryostat (50 m coronal sections, Ϫ20°C), and stained with cresyl violet to aid in visualization of anatomical structures and the electrode-induced lesion.
Statistical analysis. Electrochemical signals and behavioral measures were compared using paired and unpaired t tests, as well as one-way and two-way ANOVAs for repeated measurements (acoustic stimulus; time). When appropriate, one-tailed post hoc analyses were conducted, and p values were adjusted according to the Holm-Bonferroni correction method for multiple testing (Wright, 1992) . Statistical analyses were performed using SPSS (version 17.0, IL) and Prism (GraphPad Software). Graphical representations were generated using Prism. A p value of Ͻ0.05 was considered statistically significant.
Results
Behavioral changes in response to playback of acoustic stimuli All four types of acoustic stimuli elicited orientation responses, with response rates being similarly high and gradually decreasing with repeated exposures, regardless of stimulus (overall orientation response rate: ϳ60%; main effect acoustic stimulus: F (3,33) ϭ 1.184, p ϭ 0.331).
Playback of 50 kHz USVs increased locomotor activity and led to approach behavior in the recipient rat, with behavioral responses being most prominent during the first few presentations. Locomotor activity, as measured by means of quadrant line crossings, was significantly increased in response to the first four 50 kHz USV presentations (t (11) ϭ 2.933, p ϭ 0.014, t (11) ϭ 2.258, p ϭ 0.045, t (11) ϭ 3.530, p ϭ 0.005, and t (11) ϭ 2.866, p ϭ 0.015, respectively; all other p Ͼ 0.050; Figure 2A ). Significant approach behavior, as assessed by the time spent in proximity to the ultrasonic speaker, was seen in response to the first two 50 kHz USV presentations (t (11) ϭ 3.644, p ϭ 0.004 and t (11) ϭ 3.191, p ϭ 0.009, respectively; all other p Ͼ 0.050; Figure 2B ). The behavioral significance of this measure dictated subsequent analyses concentrating on the first two stimulus presentations. When focusing the analysis on the first two presentations, clear behavioral responses were observed specifically in response to playback of 50 kHz USVs, with playback of acoustic stimuli affecting locomotor activity and approach behavior in a stimulus-specific manner (main effect acoustic stimulus; F (3,33) ϭ 4.325, p ϭ 0.011 and F (3,33) ϭ 3.587, p ϭ 0.024, respectively; Figure 2C ,D): 50 kHz USVs significantly increased locomotor activity (t (11) ϭ 3.876, p ϭ 0.003), whereas such a response was not seen during playback of 22 kHz USVs (t (11) ϭ 1.386, p ϭ 0.193), NOISE (t (11) ϭ 1.700, p ϭ 0.117), or BACKGROUND (t (11) ϭ 1.744, p ϭ 0.109; Fig.  2C ). Locomotor activity during 50 kHz USV playback thus exceeded changes observed in response to playback of 22 kHz USVs, NOISE, or BACKGROUND (all p Ͻ 0.050; Fig. 2C ). Similar results were obtained for approach behavior. During the first two playback sessions, the time spent in proximity to the ultrasonic speaker significantly increased during 50 kHz USV playback (t (11) ϭ 4.102, p ϭ 0.002), while such a response was less prominent or absent in response to playback of 22 kHz USVs (t (11) ϭ 2.660, p ϭ 0.022), NOISE (t (11) ϭ 2.252, p ϭ 0.046), or BACKGROUND (t (11) ϭ 1.453, p ϭ 0.174; Fig. 2D ), resulting in higher levels of approach behavior during playback of 50 kHz USVs, as compared with the three other stimuli (all p Ͻ 0.050; Fig. 2D ).
Similarly to the playback phase, locomotor activity displayed after playback was also affected in a stimulus-specific manner, indicating that playback-induced behavioral changes outlasted the termination of playback (main effect acoustic stimulus; F (3, 33) ϭ 4.813, p ϭ 0.007; Fig. 2C ): locomotor activity remained higher following playback of 50 kHz USVs than after 22 kHz USVs, NOISE, or BACKGROUND (all p Ͻ 0.05; Fig. 2C ), of which the 22 kHz USVs even led to behavioral inhibition (t (11) ϭ Ϫ2.421, p ϭ 0.034; Fig. 2C ). In contrast, although the 50 kHz USVinduced increase in approach behavior immediately following the termination of playback was greater than after playback of the other sounds, this difference was not significant (main effect acoustic stimulus; F (3,33) ϭ 1.049, p ϭ 0.384; Fig. 2D ).
Finally, a substantial increase in the emission rates of 50 kHz USVs (more than one call per second) was detected in three recipient rats in response to the first playback of 50 kHz USVs, with the remaining rats displaying only moderate or no increase in 50 kHz USVs. Overall, emission of 50 kHz USVs tended to increase during and after the first 50 kHz USV presentation (t (10) ϭ 1.866, p ϭ 0.092 and t (10) ϭ 2.023, p ϭ 0.071; all other p Ͼ 0.100), whereas no substantial increase in 50 kHz USV emission was evident in response to the other acoustic stimuli presented (all p Ͼ 0.100). When focusing the analysis on the first two presentations in which behavioral responses were most prominent, more 50 kHz USVs tended to be emitted in response to playback of 50 kHz USVs than when exposed to 22 kHz USVs, NOISE, and BACKGROUND, during and after playback (main effect acoustic stimulus; F (3,30) ϭ 2.354, p ϭ 0.092 and F (3,30) ϭ 2.707, p ϭ 0.063, respectively; data not shown).
Together, these results suggest that the increase in locomotor activity observed during playback of 50 kHz USVs was directed toward the sound source, indicating social approach behavior, occasionally paralleled by a 50 kHz USV emission. No such behavioral response pattern was seen during the exposure to the three other acoustic stimuli.
Dopamine release in response to playback of acoustic stimuli
To investigate the relationship between USV-induced social behavior and dopamine release in the NAcc, we measured electrochemical changes in this brain region using fast-scan cyclic voltammetry in awake, behaving rats. Histological analyses demonstrated that average dopamine release in the NAcc core (6.262 Ϯ 2.586 nM) and shell (5.980 Ϯ 3.746 nM) did not differ significantly in response to the 50 kHz USV presentation (t (14) ϭ 3.121, p ϭ 0.951). Therefore, data from these two subregions were pooled for the following analyses.
Paralleling the behavioral effects, changes in phasic dopamine release were seen during playback of acoustic stimuli, with the observed effects again being stimulus-specific. Specifically, during 50 kHz USV playback, we observed a transient increase in extracellular dopamine concentration over baseline (t (14) ϭ 3.121, p ϭ 0.008; Figs. 3 A, C, 4A) . In contrast, no increase was observed during playback of 22 kHz USVs (t (14) ϭ 1.110, p ϭ 0.286; Figs. 3 B, D, 4B) , NOISE (t (14) ϭ 1.440, p ϭ 0.172; Fig. 4C ), or BACKGROUND (t (14) ϭ 0.102, p ϭ 0.920; Fig. 4D ). Thus, changes in dopamine neurotransmission were dependent on the type of acoustic stimulus used for playback (main effect acoustic stimulus; F (3,59) ϭ 6.224, p ϭ 0.001; Fig. 4E ), with the increase in dopamine release elicited by 50 kHz USV presentation being significantly greater than during playback of 22 kHz USVs, NOISE, or BACKGROUND (all p Ͻ 0.010; Fig. 4E) . Importantly, the increase in dopamine release during 50 kHz USV playback was not significantly correlated with locomotor activity per se (r ϭ 0.183, p ϭ 0.569), but specifically with approach behavior toward the sound source (r ϭ 0.610, p ϭ 0.035; Fig. 4F ).
To further characterize the signal, we compared the average peak increase of the dopamine response to 50 kHz USV playback (23.3 Ϯ 1.9 nM) to the response to the unexpected delivery of a sucrose pellet (26.8 Ϯ 2.1 nM): the responses did not differ significantly in magnitude (t (22) ϭ 1.218, p ϭ 0.236; data not shown). In a separate analysis, we divided the animals into two populations based on whether they responded to 50 kHz USV playback with the production of 50 kHz USVs. However, our results show that the 50 kHz USV effect on dopamine release was not different between low-and highvocalizing rats (t (12) ϭ 0.918, p ϭ 0.377; data not shown), indicating that dopamine release consistently occurs during exposure to 50 kHz USVs regardless of whether the subject rats emitted 50 kHz USVs in response. In line with that, increases in 50 kHz USV emission and dopamine release were not significantly correlated (r ϭ 0.110, p ϭ 0.747).
Paralleling behavioral changes, effects of 50 kHz USVs on dopamine signaling were dependent on the number of presentations (main effect time; F (2,28) ϭ 9.837, p ϭ 0.001; Fig. 4G) . Specifically, the effects on dopamine signaling were most pronounced during the first two playback exposures, but then declined rapidly with subsequent presentations (all p Ͻ 0.010; Fig.  4G ). Moreover, on the second day of the experiment, playback of acoustic stimuli was without effect on locomotor activity (main effect acoustic stimulus; F (3,30) ϭ 0.957, pϭ0.426), approach behavior (main effect acoustic stimulus; F (3,30) ϭ 2.384, p ϭ 0.089), and dopamine (main effect acoustic stimulus; F (3,36) ϭ 2.070, p ϭ 0.121). Consistently, none of the acoustic stimuli produced a significant neurochemical change from baseline during presentation on the second day of the experiment (trace for 50 kHz USVs in Fig. 4H ; other stimuli not shown; t (12) ϭ 0.727-2.005, p ϭ 0.272-0.481).
Discussion
Under natural conditions, rats emit 50 kHz USVs mainly during appetitive social interactions, such as rough-and-tumble play in juveniles (Knutson et al., 1998) or mating in adulthood (Sales, 1972) . Panksepp et al. (2002) further found that rats spend more time with conspecifics emitting high levels of 50 kHz USVs than with others producing fewer 50 kHz USVs and that deafening rats affects rough-and-tumble-play (Siviy and Panksepp, 1987) . Similarly, findings of Brudzynski and Pniak (2002) suggest that the 50 kHz USV emission is driven by prospective social contact. Remarkably, 50 kHz USVs were also reported to correlate with social cooperative behavior (Łopuch and Popik, 2011) . This indicates that 50 kHz USVs serve a pro-social communicative function as contact calls, which are important for maintaining social proximity and coordinating behavior in groups of rats-a view that was recently supported by means of a series of playback experiments showing that 50 kHz USVs induce social approach behavior in the recipients (Wöhr and Schwarting, 2007 , 2009 .
However, little is known about the neurobiology that underlies socio-affective ultrasonic communication in rats. Therefore, we made use of our established 50 kHz USV playback paradigm (Wöhr and Schwarting, 2007 , 2009 and combined it with fastscan cyclic voltammetry to measure phasic dopamine release during USV playback in freely moving rats (Clark et al., 2010; Flagel et al., 2011; Willuhn et al., 2012) . We demonstrate that 50 kHz USVs can elicit phasic dopamine release in the NAcc, along with social exploratory behavior directed toward the sound source, consistent with previous behavioral studies (Wöhr and Schwarting, 2007 , 2009 and in agreement with a pro-social communicative function of 50 kHz USVs (Siviy and Panksepp, 1987; Brudzynski and Pniak, 2002; Panksepp et al., 2002) .
Our finding is also consistent with results from a study by showing that the frequency of phasic dopamine release events, so-called transients, increases in the presence of a conspecific rat. By means of our tightly controlled experimental conditions under which olfactory, visual, and tactile cues informing about the presence of a conspecific rat were removed, we detected an increase in NAcc dopamine release that is time locked to the presentation of 50 kHz USVs. Thus, we identified a communicative signal that may in fact be responsible for the increase in the frequency of dopamine transients reported by .
Importantly, we demonstrate that simply not every acoustic stimulus that indicates the presence of another conspecific rat elicits NAcc dopamine release, as the presentation of 22 kHz USVs, which typically occur in aversive situations such as predator exposure (Blanchard et al., 1991) , fear conditioning Furthermore, the sound of a rat moving on cage bedding, i.e., the background noise stimulus, also predictive of the presence of a conspecific rat, had no effect on NAcc dopamine release either. Thus, phasic dopamine release in the NAcc and behavioral activation were exclusively seen in response to playback of 50 kHz USVs, indicating that not merely the anticipation or the presence of a conspecific rat is eliciting NAcc dopamine release, but the actual communicative signal emitted by conspecific rats.
We further assured specificity of this effect by demonstrating that playback of time-and amplitude-matched white noise did not evoke phasic dopamine release. For this purpose, time-and amplitude-matched white noise was generated by replacing 50 kHz USVs with white noise, where duration and amplitude modulation corresponded to that of the 50 kHz USVs. Thus, white noise was identical to the original natural 50 kHz USV series with respect to all call features including temporal pattern, but with the exception that sound energy was not confined to a certain frequency. In this context, it is important to highlight that all four acoustic stimuli presented elicited orientation responses in a similar number, indicating that all of them were audible and that differences in dopamine release do not result from differences in their potency to evoke attention. Finally, we performed analyses that show that the correlation between dopamine and locomotion (a motor component of approach) was not significant, whereas the correlation between dopamine and approach was. Thus, the increase in dopamine release during 50 kHz USV playback was not attributable to locomotor activity per se, but was specifically associated with approach behavior toward the sound source. Together, this shows that the phasic dopamine response to playback of 50 kHz USV recordings was not due to movement, novelty, or general acoustic features also present in the control stimuli tested, but instead required the perception of unique acoustic features specifically linked to the communicative function of 50 kHz USVs.
The observed effects on both neurochemistry and behavior were most pronounced during initial playback, but then declined rapidly with subsequent presentations, pointing at a close relationship between the two measures. This rapid decline during 50 kHz USV exposure is consistent with a previous study (Wöhr and Schwarting, 2012) , showing that high levels of social approach behavior occur in response to 50 kHz USVs when rats are exposed to them for the first time, but not in response to subsequent exposures. The decline in social approach behavior during repeated exposures to 50 kHz USVs is probably due to memory processes, since it can be blocked by post-trial administration of the amnesia-inducing drug scopolamine (Wöhr and Schwarting, 2012) . In contrast, the dopamine-releasing effects of unexpected delivery of consumable rewards such as sucrose pellets or its respective prediction are stable across many presentations (Day et al., 2007; Flagel et al., 2011) . However, the dopamine response during initial playback of 50 kHz USVs was comparable in amplitude to dopamine release induced by the unexpected delivery of food rewards. Together, these findings indicate that 50 kHz USVs transiently exhibit the same incentive function and involve the same neural systems as a consumable reward, but then dissipate this property much faster than food reward, suggesting that these pro-social calls are not perceived as primary rewards and lose their value quickly when not reinforced.
The finding that phasic dopamine release in NAcc encodes pro-social 50 kHz USVs, but not alarming 22 kHz USVs, supports the notion that the two USV types are processed by distinct brain Figure 4 . Average changes in dopamine release in the NAcc in response to playback of acoustic stimuli, namely the first two presentations of (A) 50 kHz USVs, (B) 22 kHz-USVs, (C) time-and amplitude-matched white noise (NOISE), and (D) background noise (BACKGROUND) on the first day of the experiment. E, The increase in dopamine release during the 50 kHz USV playback is significantly greater than during the other acoustic stimuli. F, The increase in dopamine release during 50 kHz USV playback is significantly correlated with approach behavior toward the sound source. G, The increase in dopamine release during playback of the first two 50 kHz USVs is significantly greater than subsequent presentations. H, Average change in dopamine release in the NAcc in response to playback of acoustic stimuli, namely the first two presentations of 50 kHz USVs on the second day of the experiment (n ϭ 10); **p Ͻ 0.010. Data are presented as differences from baseline (baseline subtraction); mean ϩ SEM (n ϭ 12 rats for each presentation unless indicated otherwise).
areas, involved in regulating approach and avoidance, respectively. Alarming 22 kHz USVs were found to induce activation in amygdala and periaqueductal gray (Sadananda et al., 2008; Parsana et al., 2012) , brain areas strongly implicated in the regulation of anxiety and fear (Fendt and Fanselow, 1999; LeDoux, 2000) , whereas 50 kHz USVs inhibit the amygdala (Parsana et al., 2012) , but evoke neuronal activation in the NAcc, as shown by means of c-fos immunohistochemistry (Sadananda et al., 2008) , in line with our present findings.
Stimulating dopamine neurotransmission by means of amphetamine or cocaine is known to result in 50 kHz USV emission (Barker et al., 2010; Ahrens et al., 2013; Wright et al., 2013; Pereira et al., 2014) , which can be blocked by dopamine antagonists (Burgdorf et al., 2001; Thompson et al., 2006; Wright et al., 2013) . Furthermore, and particularly relevant in the present context, microinfusion of amphetamine into the NAcc, particularly shell, but also core, elicits a strong increase in 50 kHz USV production, while not eliciting 22 kHz USVs (Burgdorf et al., 2001; Thompson et al., 2006) , whereas electrolytic and 6-OHDA lesions of the ventral tegmental area selectively reduce 50 kHz USVs, but not 22 kHz USVs (Burgdorf et al., 2007) . Here we now show for the first time that NAcc dopamine release is not just linked to the production of 50 kHz USVs, but also the perception of 50 kHz USVs, possibly indicating that the NAcc functions to close a perception-and-action-loop, which is particularly relevant for appetitive social and reciprocal communicatory signals. However, our present findings show that NAcc dopamine release in response to 50 kHz USV playback is paralleled by the production of 50 kHz USVs in only a subset of the tested animals (and no increase in calling in response to the other stimuli). In other words, 50 kHz USV production only occurred after phasic dopamine release, but dopamine release was not always followed by call production. This suggests that NAcc dopamine release following the perception of 50 kHz USVs may be necessary, but not sufficient, for the production of 50 kHz USVs.
In contrast, we found that dopamine release was positively correlated with approach behavior, indicating a relationship between these two variables present in the entire population of the tested animals. Based on many previous studies that demonstrate an invigorating function of dopamine release (Cardinal et al., 2002; Salamone et al., 2007; Nicola, 2010) , we speculate that dopamine transmission in response to 50 kHz USVs promoted appetitive approach, rather than being a product of appetitive approach. In support of this interpretation, Flagel et al. (2011) found that during Pavlovian conditioning rats approached either the predictive cue or the location of the predicted reward. Rats that approached the reward-predictive cue displayed NAcc dopamine release in response to cue presentation, whereas rats that approached the reward location did not. Thus, in both cases the animals showed approach behavior, but only in one case dopamine signaling was critical. Therefore, dopamine release and approach behavior are dissociable, indicating that dopamine release is not induced by approach behavior per se. Thus, our present findings suggest that NAcc dopamine functions as a translator of a motivational acoustic signal into a pro-social action, thereby establishing a functional link between the perception of appetitive communicative signals and rewardrelated neurotransmission.
